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The activity of cyclo-RRRWFW (c-WFW) against Escherichia coli has been shown to be modulated by the
aromatic motif and the lipopolysaccharides (LPS) in the bacterial outer membrane. To identify interaction
sites and to elucidate the mode of c-WFW action, peptides were synthesized by the replacement of tryptophan
(W) with analogs having altered hydrophobicity, dipole and quadrupole moments, hydrogen-bonding ability,
amphipathicity, and ring size. The peptide activity against Bacillus subtilis and erythrocytes increased with
increasing hydrophobicity, whereas the effect on E. coli revealed a more complex pattern. Although they had no
effect on the E. coli inner membrane even at concentrations higher than the MIC, peptides permeabilized the
outer membrane according to their antimicrobial activity pattern, suggesting a major role of LPS in peptide
transport across the wall. For isothermal titration calorimetry (ITC) studies of peptide-lipid bilayer interac-
tion, we used POPC (1-palmitoyl-2-oleoyl-srn-glycero-3-phospho-choline), either alone or in mixtures with
1-palmitoyl-2-oleoyl-sn-glycero-3-[phospho-rac-(1-glycerol)] (POPG), to mimic the charge properties of eu-
karyotic and bacterial membranes, respectively, as well as in mixtures with lipid A, rough LPS, and smooth
LPS as models of the outer membrane of E. coli. Peptide accumulation was determined by both electrostatic
and hydrophobic interactions. The susceptibility of the lipid systems followed the order of POPC-smooth
LPS >> POPC-rough LPS > POPC-lipid A = POPC-POPG > POPC. Low peptide hydrophobicity and
enhanced flexibility reduced binding. The influence of the other properties on the free energy of partitioning
was low, but an enhanced hydrogen-bonding ability and dipole moment resulted in remarkable variations in
the contribution of enthalpy and entropy. In the presence of rough and smooth LPS, the binding-modulating
role of these parameters decreased. The highly differentiated activity pattern against E. coli was poorly reflected
in peptide binding to LPS-containing membranes. However, stronger partitioning into POPC-smooth LPS than
into POPC-rough LPS uncovered a significant role of O-antigen and outer core oligosaccharides in peptide
transport and the permeabilization of the outer membrane and the anti-E. coli activity of the cyclic peptides.

Cationic antimicrobial peptides (CAPs) are key components
of the innate immune systems of virtually all organisms (52).
Because of their toxicity against a broad variety of bacterial
species and their nonspecific membrane-disturbing mode of
action, they are regarded as promising peptide-based thera-
peutics. Parameters such as conformation, charge, hydropho-
bicity, and amphipathicity have been identified as the main
factors that modulate membrane binding and influence bacte-
rial selectivity (16).

In contrast to linear, helix-forming CAPs, the structural de-
terminants and modes of interaction of short and conforma-
tionally constrained peptides with cellular membranes are less
understood (26). Among these peptides are sequences rich in
particular amino acids such as W and arginine (R) (22, 24, 45).
Recently, it has been shown that the head-to-tail cyclization of
the synthetic hexapeptide acetyl (Ac)-RRWWRF-NH,, (Ac-
RW) identified by the screening of synthetic combinatorial
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libraries (12) distinctly enhances the activity against Gram-
negative Escherichia coli (14). However, in contrast to its high
antimicrobial activity, the cyclic peptide permeabilizes lipid
bilayers only weakly. Single-amino-acid substitutions or the
replacement of L-amino acid residues by D-enantiomers en-
hance or abolish the antimicrobial activity (14, 39, 50). Cyclo-
RRWWREF (c-RW) and related analogs are able to permeab-
ilize the outer and inner membranes of E. coli (29), but,
interestingly, the activity decreases against outer wall-deficient
L forms of E. coli. Moreover, studies with mutant E. coli strains
demonstrated that the activity of sequences with three adjacent
aromatic residues, for instance, cyclo-RRRWFW (c-WFW), is
reduced upon the removal of the O-antigen and the shortening
of the core region of the outer membrane LPS (29). This points
to a particular role of LPS in peptide activity and selectivity
against E. coli membranes.

In interaction with detergents and lipids, c-RW and c-
WEFW develop pronounced amphipathicity (5, 6). The pep-
tide backbone lies parallel to the lipid bilayer surface, the
positively charged R residues interact with the phosphate
groups of the lipids, and aromatic residues insert into the
membrane (7). Lipid demixing and domain formation in 1,2-
dipalmitoyl-sn-glycero-3-[phospho-rac-(1-glycerol)]-1,2-di-
palmitoyl-sn-glycero-3-phosphoethanolamine bilayers have
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FIG. 1. Structures of c-WFW (left) and W analogues (right) used in this study. The structure of the parent peptide is based on the previously
published nuclear magnetic resonance study (6). The arrow shows the dipole moment of W residue (~2.1 D), which is directed from C-5 in the
six-membered ring of the indole moiety to N-1 in the five-membered ring.

been suggested as the basis for the selective antibacterial ac-
tion of c-RW (8).

The observation that many cyclic hexapeptides are similar in
conformation but differ in sequence (5) and antimicrobial ac-
tivity raises the question of whether specific amino acid resi-
dues are responsible for the activity and selectivity of the RW-
rich sequences against Gram-negative bacteria. Studies using
trimesic acid as a template mimicking the peptide backbone
(4) demonstrated an essential role of the guanidino moiety for
bacterial selectivity. However, it seems that not only charge-
driven peptide accumulation at negatively charged E. coli
membranes but also the exact nature of the interaction of W
residues with LPS domains is important.

To investigate the role of the aromatic motif in c-WFW in
interaction with bacterial membranes, we synthesized a set of
cyclic hexapeptide analogs carrying replacements of W resi-
dues by unnatural residues. The substituents differ in terms
of hydrophobicity, dipole and quadrupole moments, ability
to form hydrogen bonds, and amphipathicity from W. They

include dihydrotryptophan (Dht), a-(2-indanyl)glycine (Igl),
5-methoxy-L-tryptophan (5MeoW), 5-fluoro-L-tryptophan
(5fW), 5-methyl-pL-tryptophan (5MeW), 1-methyl-L-tryp-
tophan (1MeW), and B-(benzothien-3-yl)-alanine (Bal) (Fig. 1
and Table 1). In addition, the B-amino acid L-B-homotryp-
tophan (b3-hW) was introduced to increase the size of the
backbone ring. The activities of the peptides were evaluated
against Gram-negative E. coli (strain DH5«a) and Gram-posi-
tive Bacillus subtilis (strain DSM 347) bacteria and human red
blood cells (RBCs). Also, the permeabilization of outer and
inner membranes determined using E. coli (strain ML-35p)
provided evidence for the mode of action of the peptides and
their ability to reach the cytoplasmic membrane, which is con-
sidered to be the target of most CAPs (36). To correlate the
activity profiles with the driving forces of peptide-membrane
interaction, peptide binding to different membrane model
systems was studied by way of isothermal titration calorim-
etry (ITC) (48). Binding parameters were derived by apply-
ing a surface partition equilibrium model combined with

TABLE 1. List of peptides, amino acid sequences, RP-HPLC retention times (¢), antimicrobial activities, and hemolytic activities

Peptide MIC” (uM) against:

Peptide Amino acid sequence tp" (min) B. subtilis E. coli Her?(;ol i’ sis*
(DSM 347) (DH 5a)
c- (Dht)F(Dht)‘l ¢-RRR(Dht)F(Dht) 9.92 50 200 1
c-(Igl)F(Igl)d c-RRR(Igh)F(Igl) 15.91 25 200 3
c-WFW c-RRRWFW 18.83 3.1 31 6
c-(SMeoW)F(5MeoW) c-RRR(5MeoW)F(SMeoW) 19.08 3.1 125 1
c-(StW)F(5fW) c-RRR(5fW)F(5fW) 19.92 1.6 31 ND¢
c-(b3-hW)F(b3-hW) ¢-RRR(b3-hW)F(b3-hW) 20.06 6.3 50 1
C—(SMeW)F(SMeW)‘l c-RRR(5MeW)F(5MeW) 20.37 3.1 6.3 5
c-(IMeW)F(1MeW) c-RRR(1IMeW)F(1MeW) 20.41 3.1 6.3 27
c-(Bal)F(Bal) c-RRR(Bal)F(Bal) 22.03 1.6 125 70
Ac-WFW Ac-RRWFWR-NH, 16.58 50 400 ND*

“tg is the RP-HPLC retention time, a measure of peptide hydrophobicity and amphipathicity.
b Values represent the means from three independent experiments performed in triplicate. Standard deviations were <5%.
¢ Values represent the percentage of release of hemoglobin from human RBCs upon incubation with cyclic peptides at ¢, = 200 uM.

4 These unnatural amino acids are a mixture of at least two enantiomers.
¢ ND, not determined.
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FIG. 2. General structure of E. coli LPS. The sugar moieties in the core region and the composition of lipid A are conserved in different E.
coli strains. However, the O-antigen region varies strongly. Charged residues are located preferentially in the core oligosaccharide region. Ra to
Re denote the different rough chemotypes of LPS. The rough-LPS (r-LPS) used in this study is of the Rd chemotype. Native, complete LPS is called
smooth-LPS (s-LPS). Gal, galactose; GalNAc, N-acetyl-galactosamine; Glc, glucose; GIcN, glucosamine; GlcNAc, N-acetyl-glucosamine; Kdo,

2-keto-3-deoxyoctonic acid; Hep, L-glycerol-D-manno-heptose.

Gouy-Chapman theory to account for electrostatic effects
at the membrane surface (30, 31, 43). The lipid bilayers used
in this study were composed of 1-palmitoyl-2-oleoyl-sn-
glycero-3-phospho-choline (POPC), either alone or in mix-
ture with 1-palmitoyl-2-oleoyl-sn-glycero-3-[phospho-rac-
(1-glycerol)] (POPG) (3:1 [mol/mol]) to model the electro-
static properties of erythrocyte and bacterial target mem-
branes, respectively. POPC bilayers doped with diphosphoryl
lipid A (LA), rough LPS (r-LPS or Rd-LPS), and smooth LPS
(s-LPS) (Fig. 2) were used to assess the contribution of outer
membrane LPS components to peptide activity against E. coli.

MATERIALS AND METHODS

Compounds. 9-Fluorenylmethoxycarbonyl (Fmoc)-N-protected amino acids
were obtained from GL Biochem, Ltd., China. Fmoc-dihydro-L-Trp(t-Boc)-OH
and Fmoc-a-(2-indanyl)glycine-OH  (both from Advanced ChemTech/
ThuraMed), Fmoc-3-(3-benzothienyl)-L-alanine and Fmoc-L-B-homotrp-OH
(both from Sigma-Aldrich, Germany), Fmoc-5-methyl-pL-Trp-OH and Fmoc-5-
methoxy-L-Trp-OH (both from AnaSpec), Fmoc-1-methyl-L-Trp-OH (Bachem,
Switzerland), and Fmoc-5-fluoro-L-Trp-OH (Iris Biotech, Germany) were
obtained from the noted provider. All other chemicals and solvents were
from Sigma-Aldrich or Fluka. Ampicillin, 2-nitrophenyl-B-p-galactopyranoside
(ONPG), polymyxin sulfate (PMXB), Luria broth (LB), s-LPS from E. coli
K-235, Rd-LPS from E. coli F583, and diphosphoryl LA from E. coli F583 (Rd
mutant) were obtained from Sigma-Aldrich. Nitrocefin (NCF) was provided
from by Oxoid, United Kingdom. POPC and POPG were purchased from Avanti
Polar Lipids. Other chemicals used in biophysical experiments were from Merck,
Germany.

Synthesis of cyclic peptides. Cyclic peptides were synthesized manually by
solid-phase peptide synthesis (SPPS) using the standard Fmoc/tert-butyl (t-Bu)
protocol as described in detail elsewhere (9). The peptides were purified by
reversed-phase high-performance liquid chromatography (RP-HPLC) using a
Shimadzu (Japan) LC-10A system operating at 220 nm to give final products that
were >95% pure. Peptides were further characterized by matrix-assisted laser
desorption-ionization mass spectrometry (MALDI-MS) (MALDI II; Kratos,
United Kingdom) to confirm the correct molar masses. The calculated and
observed molecular masses (in Da) of the peptides were found to be identical
(data not shown). c-(5MeoW)F(5MeoW), c-(5fW)F(5fW), and c-(1IMeW)
F(1MeW) were provided by Biosyntan (Germany).

Analytical HPLC. Chromatographic characterization was performed on a
Jasco (Japan) HPLC system using a diode array detector operating at 220 nm.
Runs were carried out on a PolyEncap A 300 column (250 by 4.0 mm; Bischoff
Analysentechnik, Germany). The sample concentration was 1 mg of peptide/ml
in eluent A. The mobile phase A was 0.1% trifluoroacetic acid (TFA) in water,

and phase B was 0.1% TFA in 80% acetonitrile-20% water (vol/vol). The reten-
tion time (tg) of the peptides was determined using a linear gradient of 5 to 95%
phase B during 40 min at room temperature.

Circular dichroism (CD) spectroscopy. Stock solutions of cyclic and linear
peptides (2.5 mM) were prepared with buffer (10 mM phosphate buffer, 154 mM
NaF, pH 7.4). An aliquot of this solution was diluted with either phosphate buffer
or a 20 mM suspension of POPG small unilamellar vesicles (SUVs) in the same
buffer to achieve the desired peptide (100 wM) and lipid (10 mM) concentra-
tions. Measurements were carried out on a Jasco J-720 spectrometer (Japan) at
20°C. Thirty-five scans were accumulated. Peptide spectra were corrected by
subtracting spectra of the corresponding buffer or peptide-free lipid suspensions.
The presented spectra give the mean residual molar ellipticity (6,,,) in the 190-
to 260-nm region.

Antimicrobial activity. The antimicrobial activity of the peptides was tested
against Gram-negative E. coli (strain DH 5«) (optical density at 600 nm [ODg]
of 1.0, which corresponds to 2.2 X 10% cells/ml) and Gram-positive B. subtilis
(strain DSM 347) (ODy of 1.0, which corresponds to 8.8 X 107 cells/ml) using
a 96-well microtiter plate assay as previously described (10). Bacteria were grown
in LB. The inoculum was prepared from mid-log-phase cultures (ODg of 0.4 =
0.1). Fifty-pl aliquots of peptide solutions of various concentrations were added
to the microtiter plate and incubated with 150 wl of the bacterial suspension, so
that the final number of cells per well was 1.6 X 10° (E. coli) and 8 X 10° (B.
subtilis). Final peptide concentrations were tested in triplicate and ranged from
100 to 0.05 uM in 2-fold dilutions. The highest concentration of the least active
peptide was 400 WM. Cultures without peptide were used as controls. After 17 h
of incubation at 37°C, the absorbance was read at 600 nm (Safire microplate
reader; Tecan, Germany). The MIC was determined as the lowest peptide con-
centration at which no change in absorbance (i.e., no bacterial growth) was
observed.

Hemolytic activity. Hemolytic activity was determined using human RBCs
(Charité-Universitidtsmedizin, Germany) as described before (10). A 100-ul cell
suspension (2.5 X 10 cells/ml in 10 mM Tris, 150 mM NaCl, pH 7.4), aliquots
of a peptide stock solution and buffer were pipetted into Eppendorf tubes to give
a final volume of 1 ml and the desired peptide concentration. The suspensions
containing 2.5 X 10 cells were incubated for 30 min under gentle shaking in
an Eppendorf thermomixer. After being cooled in ice-water and centrifuged
at 2,000 X g at 4°C for 5 min, 200 pl of the supernatant was mixed with 2,300
wl of 0.5% NH,OH, and the absorbance was determined at 540 nm (Lambda
9; Perkin-Elmer, Germany). Zero hemolysis (blank) and 100% hemolysis
(control) were read with cell suspensions incubated in buffer and 0.5%
NH,OH, respectively.

Permeabilization of inner and outer membranes. The permeabilizing activities
against inner and outer membranes were assessed using E. coli (strain ML-35p)
in 96-well microtiter plates (29, 35). The cells express periplasmic B-lactamase.
NCF, a substrate of B-lactamase, normally is excluded from E. coli by the outer
LPS layer as the strain lacks lactose permease. ONPG is cleaved by B-galacto-
sidase, which is localized within the cytoplasm. However, the substrate is blocked
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from cell entry by the inner membrane, since the strain lacks lac permease. As a
result of peptide-induced membrane permeabilization, NCF and ONPG enter
the cell, and their metabolization can be followed by color change from yellow to
red and colorless to yellow, respectively.

The bacterial culture was grown in LB medium containing 100 pg/ml ampi-
cillin until an ODss of 0.3 (an ODss of 1.0 corresponds to 3.8 X 10% cells/ml).
Cells were rinsed twice and resuspended in HEPES buffer to an ODss5, of 0.3. To
assay inner membrane permeabilization, 50 wl of ONPG stock solution (300
pg/ml) and, for monitoring the outer membrane (OM) permeabilization, 50 pl of
NCF stock solution (60 pg/ml) were pipetted into microtiter wells containing 50
wl peptide solution. Finally, a 50-pl cell suspension (ODss, of 0.3) was added,
resulting in a final peptide concentration close to the individual MICs. The inner
and outer membrane permeabilization was monitored spectrophotometrically
during a time period of up to about 1 h at wavelengths of 420 and 500 nm,
respectively, using a Safire microplate reader. The wells with PMXB at a con-
centration of 5 uM and without peptide were used as positive and negative
controls, respectively. PMXB is a cationic, cyclic, acetylated decapeptide with
high outer membrane-permeabilizing activity. Its activity is related to the rapid
competitive displacement of divalent cations from the negative charges of LPS,
followed by insertion into the hydrophobic fatty acid chain region (29, 35). The
OM permeabilization rate (AOD/A¢) of the peptides was derived as the change
in the ODs during the first 6.2 min.

Vesicle preparation. POPC and mixed POPC-POPG (3:1 [mol/mol]) lipid
films were made as described previously (15). For the preparation of POPC-LA
lipid films, dried LA (molar mass, 1,792 g/mol) was dissolved in chloroform-
MeOH (2:1, vol/vol) to give a concentration of 2.5 mg/ml. A defined volume was
added into a 10-ml round-bottomed glass tube prefilled with dried POPC to
reach the desired molar ratio of POPC-LA (12:1 [mol/mol]). Solvent removal in
a rotary evaporator followed by high-vacuum drying overnight provided a dry
lipid film. Each LA molecule has two divalent phosphate anions ([—OPO3]~?),
and thus the ratio of negative charges in POPC-LA (12:1 [mol/mol]) vesicles is
identical to that in POPC-POPG (3:1 [mol/mol]).

For the preparation of LPS-containing vesicles, the well-characterized POPC
was used as a matrix. We employed a protocol called the dry method for film
preparation (18). The dried POPC-LPS (molar ratio, 12:1) lipid films were
suspended in pyrogen-free water (Milli-Q; Element System; Millipore, France),
extensively vortexed, and heated up to 60°C, followed by sonication in a bath
sonicator for 10 min. After the suspension was vortexed, the cycle was repeated
twice. The resulting turbid mixture was lyophilized. This protocol leads to the
incorporation of a large amount of LPS into the POPC membrane (11). To
prevent any contamination of the POPC-LPS preparation, no further attempt
was made to separate nonincorporated LPS. Based on the structure of LPS
shown in Fig. 2, we assumed that Rd-LPS from E. coli F583 (r-LPS) and s-LPS
from E. coli K-235 have molar masses of ~2.5 and ~ 10 kg/mol, respectively. The
assumed masses fit well with molar masses reported for the corresponding r-LPS
and s-LPS of other Gram-negative strains (13, 38, 40).

As all negatively charged mono-([—OPO;—]") and divalent phosphate anions
and carboxylate groups ([—CO,] ") are located in the inner-core oligosaccharides
of LPS, there is no difference in the negative charge between r-LPS and s-LPS.
In this study, we considered the total negative charges of the phosphate anions
(nine charges per molecule).

To prepare SUVs, dried lipid films were hydrated in pyrogen-free phosphate
buffer (10 mM NaH,PO,-Na,HPO,, 154 mM NaF, pH 7.4). Final lipid concen-
trations were 40 mM for POPC, 20 mM for mixtures of POPC with POPG or LA,
and 5 mM for mixtures of POPC and r-LPS or s-LPS. The suspensions were
vortexed for 5 min and sonicated in an ice-water bath using an ultrasonicator
(Sonopuls HD 2070; Bandelin Electronic, Germany) for 20 min (15). The mean
diameter of SUVs was about 30 nm, as determined by dynamic light scattering on
an N4 Plus particle sizer (Beckman Coulter).

ITC. High-sensitivity ITC was performed on a VP-ITC (GE Healthcare, Swe-
den). All experiments were run at 37°C to study peptide binding to POPC doped
with LA and LPSs above the gel-to-liquid—crystalline-phase transition tempera-
ture. To determine lipid-peptide interactions, a 40 wM peptide solution in the
calorimeter cell was titrated with an SUV suspension of 5 to 40 mM lipid
concentration. All peptide solutions were degassed. In a typical experiment, 3- to
10-pl aliquots of the SUV suspension were titrated into a 40 wM peptide
solution, and the content of the sample cell was stirred continuously at 310 rpm.
Because of a small loss of titrant during the mounting of the syringe and the
equilibration stage preceding the actual titration, we usually set the first injection
volume to 3 to 5 pl and excluded the first peak from data analysis. Time spacings
of 5 min were long enough to allow the ITC signal to return to the baseline value.
The measured heat of binding decreased with consecutive lipid injections be-
cause less free peptide was available. Control experiments injecting lipid vesicles
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into buffer without peptide showed that the heats of dilution were small and
constant. Baseline correction and peak integration were done as described by the
manufacturer. Nonlinear least-squares data fitting was performed in an Excel
(Microsoft) spreadsheet using the Solver add-in (Frontline Systems) (32).

RESULTS

Physicochemical properties of W analogs and peptide char-
acterization. The peptide sequences used in this study (Table
1) are based on the previously described cyclic hexapeptide
c-WFW, which contains three adjacent charged and three ad-
jacent aromatic residues (50). In the presented analogs, we
preserved key features such as the number and distribution of
the three R and noncharged residues. The aromatic side chain
of W is hydrophobic (17) and able to form hydrogen bonds,
and it has a dipole moment of ~2.1 D (37). The hydrophobicity
and amphipathicity of c-WFW are reflected in an HPLC re-
tention time of 18.83 min (Table 1). Unnatural residues Dht,
Igl, SMeoW, 5fW, b3-hW, 5MeW, 1MeW, and Bal instead of
W (Fig. 1, Table 1) alter the hydrophobicity, electron distribu-
tion, hydrogen-bonding ability, amphipathicity, and flexibility
in the aromatic cluster of the peptide (see Table S1 in the
supplemental material). The changed electron distribution of
Dht conserves the hydrogen-bonding ability but reduces both
the aromaticity and the dipole moment. Because of the proto-
nation of the free electron pair of —NH— at physiological pH,
c-(Dht)W(Dht) is much more hydrophilic (t; = 9.92 min) than
c-WFW (Table 1). Like W, Igl bears a fused-ring aromatic side
chain that is, however, closer to the backbone. c-(Igl)F(Igl) is
more hydrophilic than the parent peptide and is incapable of
hydrogen bonding (Table 1). The introduction of 5MeoW,
5fW, 5SMeW, or 1MeW only slightly enhances hydrophobicity
compared to that of the parent peptide (19.08 min < f, <
20.41 min) (Table 1). The quadrupole and dipole moments of
SMeW and 1MeW (~2.2 D) are similar to those of W in
magnitude and direction (37, 42). In contrast, a methoxy group
(in 5MeoW) or fluorine atom (in 5fW) draws electrons to C-5
and enhances the dipole moment of the indole moiety. How-
ever, the density of negative charges above and below the plane
of the indole ring is lower in the case of 5fW, which decreases
the quadrupole moment compared to that of W (42). On the
other hand, the methoxy group pushes electrons into the in-
dole ring plane, thus strengthening the w-electron system and
the quadrupole moment (42). The replacement of the hydro-
gen at C-5 by a methoxy group or fluorine atom also enhances
the hydrogen-bonding character of the —NH— moiety, which
is lost in 1IMeW. The Bal-containing peptide is the most hy-
drophobic one in this series (fx = 22.03 min). Because of the
lower electronegativity of the sulfur atom, the dipole moment
of Bal is lower than that of W. The side chain has no appre-
ciable amphipathic structure and does not participate in hy-
drogen bonding (46). The incorporation of b3-hW enhances
the size and flexibility of the backbone ring. Because of two
extra methylene groups, c-(b3-hW)F(b3-hW) is slightly more
hydrophobic than c-WFW (Table 1).

CD spectra of c-WFW, c-(b3-hW)F(b3-hW), and Ac-WFW.
To obtain structural information on c-WFW, c-(b3-hW)F(b3-
hW), and the linear Ac-WFW, we compared their conforma-
tions in buffer and the POPG-bound state with the aid of CD
spectroscopy (Fig. 3). The spectra of c-WFW dissolved in
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FIG. 3. CD spectra of c-(b3-hW)F(b3-hW) (solid line), c-WFW
(dotted line), and Ac-WFW (dashed line) in phosphate buffer (A) and
the presence of POPG SUVs (B).

buffer show negative bands at 200 and 220 nm. In contrast,
Ac-WFW reveals a positive band at 225 nm and negative
ellipticity values at low wavelengths (down to <200 nm), which
is characteristic of small random-coil peptides (Fig. 3A). The
binding of c-WFW to POPG SUVs results in only minor spec-
tral changes, thus reflecting few conformational changes in the
cyclic peptide (Fig. 3B). On the binding of Ac-WFW to POPG,
the positive band at 225 nm disappears and the spectral char-
acteristics become similar to those of c-WFW. As in the
225-nm region, the ellipticity contributions from the peptide
bonds and the aromatic residues superimpose, changes in
the Ac-WFW spectrum can be attributed to restrictions in the
backbone structure and reorientation of the side chains (14)
resulting in an amphipathic structure.

The b3-hW-containing peptide shows a sharp negative band
at ~225 to 230 nm both in an aqueous environment and when
bound to POPG membranes (Fig. 3). This points to a different
orientation and environment of the aromatic residues com-
pared to those of Ac-WFW and c-WFW. Additionally, the
pronounced positive ellipticity of the POPG-bound peptide at
lower wavelengths (210 nm), where the contribution of the
backbone amide bonds predominates, suggests that binding
reduces the number of backbone conformers. The CD signal
could not be recorded reliably below 210 nm because of ex-
cessive light scattering by SUV suspensions in this wavelength
range.

Antimicrobial and hemolytic activities. The antimicrobial
activities of the cyclic peptides and Ac-WFW are summarized
in Table 1. The cyclic peptides with ¢, values between 18.83
and 22.03 min were highly active (1.6 pM < MIC < 6.3 pM)
against B. subtilis with few differences. The slightly reduced
activity of c-(b3-hW)F(b3-hW) compared to that of c-WFW
correlates with an enhanced size and flexibility of the cyclic
peptide backbone. In contrast, the hydrophilic c-(Dht)F(Dht)
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and c-(Ig)F(Igl) (tx = 15.9 min) showed MICs against B.
subtilis in the range of 25 to 50 wM, and the low activity of
Ac-WFW underlined the activity-reducing role of high-chain
flexibility. The activity spectra of the peptides toward Gram-
positive and Gram-negative bacteria were comparable, but
changes in the MIC against E. coli were more pronounced
(Table 1). The MICs of c-WFW (3.1 uM) and the linear
Ac-WFW (400 pM) differ by a factor of >130. Increasing the
ring size in c-(b3-hW)F(b3-hW) (MIC = 50 wM) raised the
MIC 16-fold. The least hydrophobic analogs, c-(Dht)F(Dht)
and c-(Igl)F(Igl), also were much less active against E. coli
than B. subtilis. Interestingly, the most hydrophobic peptide,
c-(Bal)F(Bal), as well as c-(5MeoW)F(5MeoW), were less
active than c-WFW against E. coli. Rather than a correlation
between activity and retention behavior in RP-HPLC, a thresh-
old value for the #; seems to exist that separates highly and less
active peptides (Table 1; also see Fig. S4 in the supplemental
material).

Significant hemolytic activity was revealed only by the most
hydrophobic analogs, c-(Bal)F(Bal) and c-(1MeW)F(1-MeW),
which caused 70 and 27% hemoglobin release, respectively,
from human RBCs at a 200 uM peptide concentration (Ta-
ble 1).

Permeabilization of outer and inner membranes of E. coli
(strain ML-35p). The effect of the antimicrobially active cyclic
peptides on the outer and inner membrane of E. coli is pre-
sented in Fig. 4. c-(5tW)F(5fW) and c-(1MeW)F(1MeW) per-
meabilized the outer membrane of E. coli (strain ML-35p)
more rapidly than c-(5MeoW)F(5MeoW) and the parent pep-
tide (c-WFW), and the kinetics of permeabilization by b3-hW-
and Bal-containing peptides was slow (Fig. 4A). The perme-
abilization rate (AOD/A¢) of the investigated peptides (except
b3-hW) correlated with their antimicrobial potency against E.
coli (see Fig. S5 in the supplemental material). Surprisingly,
none of the peptides permeabilized the inner membrane ap-
preciably, even at concentrations much higher than the MIC
(Fig. 4B). These results point to a major role of LPS in medi-
ating peptide transport across the bacterial outer membrane
and a mode of action that does not depend on inner membrane
permeabilization.

Peptide binding to POPC and POPC-POPG SUVs. To study
peptide binding to lipid bilayers, we chose POPC SUVs to
mimic the properties of a eukaryotic cell membrane. POPC-
POPG (3:1 [mol/mol]) often is used to mimic the charge
properties of cytoplasmic membranes of bacteria (36),
although these are composed mainly of zwitterionic 1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylamine (POPE)
and negatively charged POPG (20).

Binding isotherms derived from typical ITC traces (raw data
are not shown), given as the molar ratio of bound peptide to
accessible lipid (R,) as a function of the free peptide concen-
tration (cp,), are displayed in Fig. SI in the supplemental
material. Low R, values for POPC followed the order
Ac-WFW =~ c-(Ig)F(Igl) =~ c-(Dht)F(Dht) < c-(5MeoW)
F(5MeoW) =~ c-(b3-hW)F(b3-hW) < c-WFW =~ c-(1MeW)
F(IMeW) < c(5ftW)F(5fW) =~ c-(SMeW)F(5MeW) < c-(Bal)
F(Bal) (Table 2). A negative bilayer charge enhanced peptide
binding. However, after correcting for electrostatic attraction
(30, 31, 43), the Gibbs free energies of membrane partitioning
(AG®) into POPC and POPC-POPG bilayers were comparable
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FIG. 4. Outer (A) and inner (B) membrane permeabilization of E. coli (strain ML-35p) induced by the cyclic peptides. The peptide
concentrations used for outer and inner membrane permeabilization assays were 18 and 162 mM, respectively. The peptides are represented are
c-WFW (A), c-(5MeoW)F(5MeoW) (H), c-(5fW)F(5fW) (®), c-(b3-hW)F(b3-hW) (V), c-(5SMeW)F(5MeW) (®), c-(1IMeW)F(1MeW) (+), and

c-(Bal)F(Bal) (X). The wells with PMXB (solid line) and with no peptides (dotted line) were used as controls.

(Table 2; also see Fig. S2 in the supplemental material). The
low AG® values for Ac-WFW or c-(b3-hW)F(b3-hW) and c-
(Ig)F(Igl) or c-(Dht)F(Dht) emphasize the role of conforma-
tional constraints and hydrophobicity of the cyclic peptide in
membrane binding. There was a good linear correlation be-
tween the partition coefficient, K,, and the #; of the cyclic
peptides if c-(Dht)F(Dht) is excluded (Fig. S6a in the supple-
mental material). The observations underline the crucial role
of electrostatic interactions in peptide accumulation at the
lipid bilayer and demonstrate that nonelectrostatic interactions
provide comparable contributions to partitioning into zwitte-
rionic and anionic lipid bilayers.

The contributions of enthalpy (AH®) and entropy (—7TAS°)
were highly variable (Table 2; also see Fig. S2 in the supple-
mental material), and the correlation with 7, was found to be
rather poor. Interestingly, AH® and —7TAS® are comparable for
the lipid binding of c-(Dht)F(Dht), c-(Igl)F(Igl), and the most
hydrophobic c-(Bal)F(Bal). The common feature of Dht, Igl,
and Bal residues is a reduced dipole moment compared to that
of W; however, unlike Igl and Bal, Dht is as amphipathic as W.
The binding of the other peptides, including the linear Ac-
WEW, to both POPC and POPC-POPG systems is driven by
enthalpy (Table 2; also see Fig. S2 in the supplemental mate-
rial). The pronounced AH® of c-(5MeoW)F(SMeoW) and
c-(5tW)F(5fW) correlates with a slightly increased peptide hy-

drophobicity (Table 1) and an enhanced hydrogen-bonding ten-
dency compared to that of the cyclic parent peptide. The high
enthalpy contribution is associated with low negative values of
—TAS° (Table 2; also see Fig. S2 in the supplemental material).
The AH°® of c-(b3-hW)F(b3-hW), c-(SMeW)F(5MeW), and
c-(1IMeW)F(1MeW) binding ranges between ~—20 and —27
kJ/mol. The common feature of theses peptides is a mean
hydrophobicity reflected by a ¢; of ~20 min (Table 1). Except
for the Dht-, Igl-, and Bal-containing cyclic peptides, peptide
binding to POPC and POPC-POPG lipid bilayers is in good
agreement with the nonclassical hydrophobic effect described
for other CAPs (3, 47, 51). A comparable behavior has been
reported for two W-containing gramicidin S analogs interact-
ing with POPC (28).

Binding to POPC-LA, POPC-r-LPS, and POPC-s-LPS
(12:1 [mol/mol]) SUVs. To investigate the role of LPS in pep-
tide activity against E. coli, we studied peptide binding to LA,
r-LPS (Rd mutant), and s-LPS incorporated into POPC bilay-
ers at a molar ratio of 1:12. The binding isotherms are pre-
sented in Fig. S1 in the supplemental material, and the derived
thermodynamic parameters are summarized in Table 3. The K|,
values for POPC-s-LPS bilayers were almost 1 order of mag-
nitude higher than those for bilayers doped with O-antigen-
deficient r-LPS or LA. The affinity of Ac-WFW to LA-, r-LPS-,
or s-LPS-containing liposomes was low. The affinity of the

TABLE 2. Thermodynamic parameters for peptide binding to POPC and POPC-POPG (3:1 [mol/mol]) SUVs

POPC POPC-POPG (3:1 [mol/mol])
Peptide denotation R, AH® _TAS® AG® . : AHP —TAS® AG® .

(molmol)  (KJmol)  (kJmol)  (kmoh) KoMD (molimol)  (kimol)  (kVmol)  (klmol) Ko (M)
c-(Dht)F(Dht) 14 %1072 —121 —14.5 -26.6 54x10> 12x10°' —114 -19.0 -304  24x10°
c-(IghF(Igl) 08x1072 —13.0  —11.9  —249 28x10> 08x 107" —200 -78  —278 89X 10?
c-WFW 72x107% =312 -1.8 -33.0 67x10° 22x10' -235 -11.0 -345  12x10*
c-(5SMeoW)F(5MeoW) 5.0 x 1072 —40.0 82  -318 41x10° 14x107" 376 43 =333 75x10°
c-(SEW)E(5tW) 9.3x1072  —40.7 6.0 =347 13x10* 17x107" —41.6 62 =354  1.7x10*
¢-(b3-hW)F(b3-hW) 46x1072  —198  —10.7 =305 25x10° 16x107' —-233 -82  -315  3.7x10°
c-(5MeW)F(5MeW) 9.6 X107  —-21.8 -122 -340 99x10> 20x107' -259 -9.0 -349 14 x10*
c-(IMeW)F(1MeW) 7.6 X 1072 —27.6 -72 =348 13x10* 19x107' -277 -6.1 -338  9.0x10°
c-(Bal)F(Bal) 112x102 -189  —-152 =341 10x10* 30x10"' -—164  —-172  -33.6 84 x10°
Ac-WFW 1L.0X 1072 =300 40  —260 44x10° 09x107' -284 -02  -286 12Xx10°

“ These values were taken at cpy = 30 pM.
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AG° R
Ky M7

(kJ/mol)

—TAS®
(kJ/mol)

POPC-s-LPS (12:1 [mol/mol])
AHP
(kJ/mol)

R,
(mol/mol)

AG" _
Ky (M7

(kJ/mol)

POPC-r-LPS (12:1 [mol/mol])
—TAS”
(kJ/mol)

AH
(kJ/mol)

Ry
(mol/mol)

Ky (M)

AG®

(kJ/mol)

POPC-LA (12:1 [mol/mol])
—TAS®
(kJ/mol)

AHO
(kJ/mol)

Ry“
(mol/mol)

TABLE 3. Thermodynamic parameters for peptide binding to POPC-LA (12:1 [mol/mol]), POPC—r-LPS (12:1 [mol/mol]), and POPC-s-LPS (12:1 [mol/mol]) SUVs

Peptide denotation

2.7 X 10*

-36.6
—35.4
=357
—35.7
—38.6
—34.8
=345
-359
=351
=310

—28.9
—20.4
=7.0
0.3

=77
—15.0
—28.7
—36.0
—28.0
—20.5
-30.0
—30.7
—28.4
—333

47 % 107!

1.1 X 10*

—343
-31.6
—34.0
-30.8
=337
-314
-31.0
—33.2
-322
=270

-30.2
-20.4
—14.5

—4.1
—-11.2
-19.5
—30.0
=26.7
—17.6
=25.0
=235
=229
—30.0

4.0x 107!

1.6 X 103

—29.4
-27.3
-31.8
—29.6
—34.8
-30.5
-322
—33.8
-33.7
-24.1

-19.4

—18.0

c-(Dht)F(Dht) L1x 107" =100

c-(Igh)F(Igl)

c-WFW

1.7 X 10*
1.9 x 10*
1.9 X 10*

3.6 X107t
52 % 107!
3.8x 107!

3.8 X 10°
9.9 X 10°
2.8 X 103

—0.8
=7.0
—13.8

1.2x 107!
2.6 X 107!
1.7 x 107!

7.3 X 102
42 % 10°
1.8 X 10°

—4.7
10.8
-1.1
—12.2
-12.0
-11.2
-18.3

-9.30

=271
—40.4
—33.7
—18.3
—20.2
—22.6
—-154
—29.4

1.4 x 107!

0.7x 107"
c-(5MeoW)F(5MeoW) 0.9 X 10°*

5.8 X 10*

6.0 X 107!

8.7 X 10°

25x 107!

1.3 x 10*

1.6 X 107!

—10.6
—14.3
—4.5
=52

—6.7

c-(5tW)F(5tW)

1.3 X 10*

48 x 107!

3.5 X 10°

23 %107t

2.5 %103

13x 107!

c-(b3-hW)F(b3-hW)
c-(SMeW)F(5MeW)
c-(IMeW)F(1MeW)
c-(Bal)F(Bal)

Ac-WFW

1.2 X 10*

4.6 X 107!

3.0 X 10°

-6.0
-9.7
-9.3

22x 107!

4.8 x 10°

1.7 x 107!

2.0 x 10*

49x107!

7.0 X 10°

23 %107t

9.1 X 10°

1.5%x 107!

1.5 x 10*

6.2x 107!

4.8 X 10°

2.6 X 107!

8.7 X 10°

24 x107!

3.0 X 10°

2.3

1.9x 107!

6.5 X 107

3.0

0.5%x 107!

2.1 X 102

53

0.5x 1071

“ These values were taken at cp, = 30 pM.

ANTIMICROB. AGENTS CHEMOTHER.

cyclic sequences [except c-(Dht)F(Dht)] to the LA-containing
liposomes was comparable to binding to POPC-POPG bilayers
and correlated with peptide hydrophobicity. The correlation
was lost for the r-LPS system, and binding to s-LPS-containing
liposomes was independent of the peptide properties [except
for c-(SftW)F(5fW)] (Table 3; also see Fig. S3 and S6 in the
supplemental material).

The partitioning of the hydrophilic c-(Dht)F(Dht) and c-
(Igh)F(Igl) peptides into LPS-doped lipid vesicles was driven by
entropy (Table 3; also see Fig. S3 in the supplemental mate-
rial), whereas the binding of the other cyclic peptides as well as
Ac-WFW to liposomes containing LA and the two LPS mu-
tants was dominated by enthalpy changes (Table 3; also see
Fig. S3 in the supplemental material).

To investigate whether the enhanced partitioning of the
cyclic peptides into LPS-doped POPC bilayers is due to elec-
trostatic interactions, titrations of c-WFW with POPC-r-LPS
(12:1 [mol/mol]) and POPC-s-LPS (12:1 [mol/mol]) were per-
formed at different NaF concentrations. Binding was strongest
to bilayers containing O-antigen-presenting s-LPS, and parti-
tioning only slightly depended on the ionic strength (Fig. 5).
c-WFW partitioning into POPC-r-LPS was almost indepen-
dent of the ionic strength. As both r-LPS and s-LPS bear the
same charge (Fig. 2), these results underline the significant
role of the O antigen in peptide partitioning into LPS-rich
bilayers.

DISCUSSION

The introduction of conformational constraints in small
RW-rich peptides by cyclization has been found to enhance the
antimicrobial activity, in particular against Gram-negative E.
coli (14, 50). R- and W-rich clusters seem to be responsible for
the selectivity increase as well as for the high affinity to lipid
bilayers (14), and LPS moieties have been suggested to exert a
strong activity-modulating effect (29). The replacement of W
residues in c-WFW with various unnatural amino acids, such as
Dht, Igl, SMeoW, 5fW, b3-hW, 5MeW, 1MeW, and Bal (Fig.
1), made possible a systematic investigation of the importance
of the aromatic cluster for peptide interactions with artificial
lipid systems and with the outer and inner membranes of E.
coli and for the biological activity spectrum.

Structure-activity relationships. Membrane activity of CAPs
depends on both electrostatic accumulation near negatively
charged membrane constituents and insertion into the lipid
matrix, which finally results in a breakdown of the barrier
function of the membrane by many peptides (15). This idea is
supported by the correlation of peptide binding to neutral and
negatively charged lipid bilayers with hemolytic and antibacte-
rial activities (Tables 1 and 2). Low peptide concentrations in
the vicinity of neutral lipid bilayers are responsible for low
hemolytic activity, whereas electrostatic attraction favors bind-
ing to POPC-POPG bilayers (16, 20). However, the binding
and partitioning of the cyclic peptides was not sufficient to
induce the permeabilization of the cytoplasmic membrane of
E. coli at the MIC.

Peptide activity against biological systems is well reflected in
the sequence-dependent profile of binding to phospholipid
bilayers. The partitioning of the cyclic peptides is much stron-
ger than that of the linear analog. The significant role of
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FIG. 5. Binding isotherms and partition coefficient values for c-WFW binding to r-LPS- and s-LPS-bearing POPC SUVs at different ionic
strengths. The salt concentrations (cy,r) were 75 mM (@), 125 mM (M), and 200 mM (@) for POPC-1-LPS (12:1 [mol/mol]), and they were 75 mM
(©), 125 mM (), and 200 mM (<) for POPC-s-LPS (12:1 [mol/mol]) lipid bilayers in 10 mM phosphate buffer, pH 7.4. The fit parameters are
listed in Table S5 in the supplemental material.

hydrophobicity and the amphipathic nature of the W residues
was supported by the distinct reduction in the antimicrobial
effect and lipid bilayer binding of c-(Dht)F(Dht) and
c-(Igh)F(Igl) (Tables 1 and 2). The small enthalpic contribution
to bilayer binding for Dht-containing peptides is compensated
for by a more favorable entropic term (Table 2), which is in
agreement with the classical hydrophobic effect (44). This ef-
fect was observed for the antimicrobial peptide dicynthaurin as
well (49). The authors considered water and counterion re-
lease from the peptide and a sodium binding equilibrium at the
lipid headgroups as the major driving forces for peptide-mem-
brane interactions. The incorporation of a nonamphipathic but
highly hydrophobic residue (i.e., Bal) reduced only the anti-E.
coli activity but not bilayer binding (Tables 1 and 2). This is in
contrast with the results on the bactericidal activity of a 15-
residue Bal-modified lactoferricin derivative, which exhibited
higher antimicrobial activity than the parent peptide (46).

Whereas the preferential location of the W residue at the
membrane interface has been attributed to its dipole and
quadrupole moments and its ability to form hydrogen bonds
with both water and polar lipid headgroup moieties (1, 33,
41), these physicochemical properties did not make any
distinguished contribution to the bilayer binding of our cy-
clic hexapeptides, as reflected by c-(IMeW)F(1MeW),
c-(5fW)F(5fW), and c-(SMeoW)F(5MeoW) (Table 2). Be-
cause of the higher quadrupole moment of the indole ring in
c-(5MeoW)F(5SMeoW) compared to that of c-(5ftW)F(5fW)
(42), we expected a higher bilayer affinity of the former peptide
(1, 33). However, the opposite was observed (Table 2). This
underlines the contribution of other driving forces, such as the
dominating role of hydrophobicity, for the insertion of the
WEFW cluster into a phospholipid membrane.

The introduction of the B-amino acid b3-hW in c-WFW
might disturb the B-turn motifs in ¢-WFW (6) and induce a
different amphipathic conformation. A pronounced conforma-
tional change was shown by CD spectroscopy (Fig. 3). Recent
studies with analogs of gramicidin S with ring sizes ranging
from 10 to 16 amino acid residues confirm the importance of
amphipathicity induced by the B3-turn/B-sheet structure in in-
teraction with membranes (27). The disruption of the structure
by increasing the size of the cyclic peptide weakened the pep-
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tides’ interaction with POPC vesicles and reduced their hemo-
lytic, antimicrobial, and antifungal activities. Because the
value of c-(b3-hW)F(b3-hW) was higher than that of c-WFW
(Table 1), other parameters than global peptide hydrophobic-
ity and amphipathicity must be responsible for reduced bilayer
partitioning and antimicrobial activities, especially against E.
coli.

Peptide binding to liposomes composed of LA, r-LPS, and
s-LPS. Peptide transport across the outer wall of Gram-nega-
tive bacteria is a prerequisite for interaction with the inner
membrane or transport to intracellular targets. LPS, the major
component of the outer membrane, might act as a protective
shield, as suggested for lactoferricin-derived peptides (21). It
may serve as a trap for polycationic substances and thus inhibit
the transport of antibiotic agents (2). On the other hand, CAPs
may increase outer membrane permeability by disordering the
LPS layer. A mechanism of self-promoted uptake has been
suggested to facilitate translocation and improve peptide ac-
cessibility to the inner membrane (23).

Our results demonstrate that the permeabilization of the
outer membrane of E. coli induced by the active cyclic peptides
[except c-(SfW)F(5fW)] correlates well with the antimicrobial
activity (Table 1; also see Fig. S5 in the supplemental mate-
rial). We also found that peptide binding and partitioning are
highest to lipid bilayers doped with wild-type LPS (Table 3).
This correlates with maximal antimicrobial activity of c-WFW
against native E. coli strains and a reduced effect on O-antigen-
and outer core-deficient LPS mutant strains (29). The obser-
vations confirm the activity-modulating role of the outer E. coli
wall and the particular function of O-antigen polysaccharides
for the activity of our cyclic hexapeptides.

A prominent role of W and R residues and conformational
constraints in LPS binding is supported by the high affinity of
the cyclic B-sheet CAP tachyplesin I for LPS compared to that
of acidic phospholipids, whereas a linear analog and a helical
magainin peptide could not discriminate between the two
acidic lipids (25). The LA moiety is supposed to represent the
recognition site, and the cyclic structure is crucial for specific
binding. The affinities of our hexapeptides to POPC-LA and
POPC-POPG bilayers with identical negative surface charge
densities were comparable with respect to the magnitude and
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sequence dependency of the thermodynamic parameters (Ta-
bles 1 and 2; also see Fig. S1 in the supplemental material). On
the basis of this observation, we conclude that hydrophobic
peptide-LPS interactions are essential for efficient transport
across the bacterial outer membrane but that LA does not act
as a specific activity-modulating binding site for the hexapep-
tides. This is in accordance with observations on lactoferricin
peptides, suggesting that the tightly packed fatty acid in LA is
not the primary site of interaction (21).

Further studies with lactoferricin-derived peptides and LPS
mutant E. coli strains also underlined the importance of the
appropriate locations of R and W residues for antimicrobial
activity. It has been suggested that the peptides first interact
with the negative charges present in the inner core of LPS,
leading to the disorganization of the outer membrane and
facilitating the approach of W residues to LA to promote
hydrophobic interactions (19). In contrast, Farnaud et al. (21)
suggested that ionic interactions between lactoferricin peptides
and LPS are strong in the absence of the O-antigen region
because of the unmasking of the negatively charged phosphate
groups in the inner core. r-LPS contains roughly nine nega-
tively charged phosphate groups per molecule, thus peptide
binding was expected to be stronger than that to bilayers mixed
with LA, which bears two [~OPO5] 2 groups per molecule.
We found that the increase in negative charge in r-LPS-doped
bilayers compared to that of the POPC-LA system only slightly
enhanced binding, except for the most hydrophilic peptides
(Dht- and Igl-containing cyclic peptides) (Table 3). Further-
more, the low salt dependency of c-WFW binding to POPC-
r-LPS bilayers (Fig. 5) confirms a minor role of the direct
electrostatic interaction of the peptide with LPS inner core
charges.

In s-LPS-doped bilayers, however, partitioning distinctly in-
creased compared to that for r-LPS. In contrast to our expec-
tation based on the differentiated activity pattern against E.
coli, sequence-related differences in the free energy of binding
disappeared in the presence of O-antigen oligosaccharides,
with the exception of c-(SfW)F(5fW) (Table 3; also see Fig.
S3A in the supplemental material). The fact that the partition-
ing pattern of the cyclic peptides revealed little variation points
to a dominating influence of electrostatic interactions upon
binding. As the result of enhanced accumulation, peptide par-
titioning might increase. This is surprising, as both r-LPS and
s-LPS have the same distribution of negatively charged phos-
phate groups. Moreover, favorable contributions of the sugar
moieties to peptide binding to s-LPS might also be considered.
Carbohydrates interact in a favorable manner with peptides
and proteins via stacking involving aromatic side chains (34).
The m-electron distribution, surface area, and flexibility of the
aromatic systems affect the magnitude of the interaction. In
recent studies of a B-hairpin peptide containing a W residue as
well as a glucosyl or galactosyl analog of serine, strong in-
tramolecular carbohydrate—m-electron interactions (2.1 to 3.3
kJ/mol; stronger than - or cation- interactions) were found
to stabilize the peptide’s secondary structure (34).

The reason why distinct differences in the hydrogen-bonding
ability, dipole moment, and aromaticity of the cyclic peptides
are not reflected in the thermodynamic characteristics of their
interactions with LPS-containing lipid bilayers remains to be
elucidated.
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Conclusions. In this study, we showed that peptide activity
against bacteria and RBCs can be explained on the basis of
peptide accessibility to the lipid matrices of the target mem-
branes. Accumulation is driven by electrostatic interactions,
and membrane partitioning is determined by hydrophobic in-
teractions. Peptide hydrophobicity and backbone constraints
are the crucial determinants of biological activity. Low peptide
hydrophobicity and the conformational flexibility of the pep-
tides reduced binding, thus confirming the suggestion that pep-
tide interactions with the cytoplasmic membrane determine
the biological effect. Other modifications in the hydrophobic
cluster of the cyclic hexapeptides, such as hydrogen-bonding
ability and the dipole and quadrupole moments, have a minor
influence upon peptide interaction with biological systems and
model membranes.

Differences in the negative surface charge and the content of
phosphatidylethanolamine of the plasma membranes might be
one reason for the different susceptibilities of E. coli and B.
subtilis. However, interactions with the outer membrane LPSs
influence peptide transport across the wall and determine the
activity profile of the peptides against E. coli. While interac-
tions with the LA domain are not particularly strong, peptide
partitioning is favored in POPC-r-LPS and even more pro-
nounced in the presence of s-LPS. The O-antigen of LPS is
essential for avid partitioning and likely decisive for efficient
peptide transport across the outer E. coli wall. Although prop-
erties of the aromatic motif had a minor influence on the free
energy of partitioning in the s-LPS-doped bilayer, high vari-
ability was found in the contribution of enthalpy and entropy.
Specific peptide interactions between the structural variants of
W and LPS moieties providing an explanation for the differ-
entiated outer membrane permeability and activity profile of
the peptide against E. coli could not be identified. Further-
more, the fact that none of the peptides displayed a pro-
nounced capacity to permeabilize the cytoplasmic membrane
(even at concentrations above the MICs) suggests that the
bactericidal activity of the cyclic peptides against E. coli is not
primarily a consequence of inner-membrane disruption. Most
likely other mechanisms are involved, such as the phase sepa-
ration of lipids (8) or processes that allow the passage of
molecules smaller than ONPG through the cytoplasmic mem-
brane.
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